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A system and method of Evoked Sodium Magnetic Resonance Imaging (ESMRI) for 
three-dimensional localization and measurement of sodium currents in the brain during 
neuronal activity is disclosed. The system measures neuronal activity in response to a 
stimulus. The sodium MRI measures changes in the sodium concentration due to the influx 
of sodium into neurons during the generation of synaptic and action potentials. The 
system measures primarily extracellular sodium which is distinguished from 
intracellular sodium on the basis of different spin-spin relaxation rates (T2) for 
these two compartments. Repeated measurements of sodium concentrations are used to 
produce and display the changes in concentration cinematically . The technique of the 
present invention is noninvasive and produces three-dimensional brain images with 
sufficient spatial and temporal resolution to allow three-dimensional visualization of 
-the sequence of neuronal activation in the brain during processing of sensory, motor, 
cognitive and other tasks. 

23 Claims, 8 Drawing figures 



ABSTRACT : 




□ 6. Document ID: US 4893081 A Relevance Rank: 95 



Ll: Entry 29 of 52 



File: USPT 



Jan 9, 1990 



US- PAT-NO: 4893081 <. 

DOCUMENT- IDENTIFIER: US 4893081 A 



TITLE: Driven equilibrium in magnetic resonance imaging 



5 of 47 



12/18/02 12:28 PM 



Record List Display http://westbrs:8002^in/gate.exe?f=TOC&s..^^SPT,PGPB,JPAB,EPAB,DWPIJDBD&ESNAME=- 

DATE- ISSUED: January 9, 1990 
INVENTOR- INFORMATION : 

NAME CITY STATE ZIP CODE COUNTRY 

Zur; Yuval Hertzlia IL 



ASSIGNEE- INFORMATION : 

NAME N CITY STATE ZIP CODE COUNTRY TYPE CODE 

Elscint Ltd. Haifa IL 03 



-APPL-NO: 07/ 330971 
DATE FILED: March 30, 198 9 



PARENT- CASE: 

This is a continuation of application Ser. No. 078,889, filed July 29, 1987, now 
abandoned . 

FOREIGN- APPL- PRIORITY- DATA : 

COUNTRY APPL-NO APPL-DATE 

IL 79732 August 15, 1986 

INT-CL: [04] G01R 33/20 

US-CL-ISSUED: 324/309 
US -CL- CURRENT: 324/309 

FIELD- OF- SEARCH: 324/309 

PRIOR- ART-DISCLOSED : 

U.S. PATENT DOCUMENTS 



PAT-NO ISSUE-DATE PATENTEE-NAME US-CL 

4509015 April 1985 Ordidge 324/309 

4532474 July 1985 Edelstein 324/309 

4654594 March 1987 Sepponen 324/309 

4665365 May 1987 Glover et al . 324/309 



OTHER PUBLICATIONS 



Article "Drive Equilibrium RF Pulses in NMR Imaging" by Van Uijen, C. M. J. et al . , 
Magnetic Resonance in Medicine, vol. 1, pp. 502-507, (1984). 

ART- UNIT: 265 

PRIMARY- EXAMINER: Tokar; Michael J. 



ASSISTANT-EXAMINER: Fess; Lawrence G. 



ABSTRACT : 



A Magnetic Resonance (MR) data acquisition system using driven equilibrium in a spin 
echo scan sequence wherein the dephased spins in the transverse plane are accurately 
refocused prior to being driven to the Z axis and the encoding gradient pulses are 
distributed and adjusted to keep the encoding gradient pulses from affecting the 
refocused magnetization. 
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ART- UNIT: 265 

PRIMARY- EXAMINER: Levy; Stewart J. 
ASSISTANT- EXAMINER: O'Shea; Kevin D. 

ABSTRACT : 

An improved method "for measuring very slow flow rates using nuclear magnetic resonance 
techniques is disclosed. The basic technique is that of steady state free precession, 
in which a sequence of radio frequency pulses are applied to nuclei in a magnetic field 
having a substantial gradient, so that a driven equilibrium state is obtained and which 
is characterized by a spatial periodicity in the magnetization response of the nuclei. 
Two images are generated. The two images may be generated using different time 
intervals between the application of the radio frequency pulses. Alternatively, the two 
'images may be generated using different effective gradients. The spatial periodicity, 
and the NMR response of flowing nuclei to the spatial periodicity, is thus different 
during the two image formations. One image is subtracted from the other, which cancels 
signals from static nuclei in the signal, while relatively fast flowing nuclei, namely 
in the larger blood vessels or the like, never reach the equilibrium state. The 
subtraction difference is therefore proportional only to nuclei which are part of 
relatively slowly flowing liquids, such as in capillary blood flow in organs. 
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ART-UNIT: 377 

PRIMARY- EXAMINER: Casler; Brian L. 



.ABSTRACT : 

A new technique for-, imaging a material with a high T2/T1 ratio such as articular 
cartilage uses driven equilibrium Fourier transform (DEFT) , a method of enhancing 
signal strength without waiting for full Tl recovery. Compared to other methods, DEFT 
imaging provides a good combination of bright cartilage and high contrast between 
cartilage and surrounding tissue. Both theoretical predictions and images show that 
DEFT is a valuable method for imaging articular cartilage when compared to spoiled 
gradient recalled acquisition in the steady-state (SPGR) or fast spin echo (FSE) . 
T2-decay, Tl recovery, echo time, magnetization density, proton density, and 
equilibrium density per proton are related by a derived equation. 
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ABSTRACT : 

A pulsed NMR tool has a magnet arrangement that is used to generate a static magnetic 
field having a substantially uniform field strength in a region of the formation 
surrounding the borehole. An RF coil is used to produce pulsed RF fields substantially 
orthogonal to the static field in the region of examination. The nuclear spins in the 
-formation align themselves along the externally applied static magnetic field. A pulsed 
RF field is applied to tip the spins into the transverse plane, resulting in a 
precession of the spins. The tipping pulse is followed by a series of refocusing pulses 
and the resulting series of pulse echoes is detected. The timing and duration of RF 
pulses are altered from conventional CPMG to maximize signal and minimize RF power 
consumption. An additional forced recovery pulse at the end of an echo train may be 
used to speed up the acquisition and/or provide a signal for cancelling the ringing 
artefact . 
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In an apparatus for*:- examining human bodies by nuclear magnetic resonance to produce 
images of cross-sectional slices of such bodies, it is desirable to reduce the recovery 
£ime between scans at different angles. A suitable pulse sequence for examination with 
minimum dispersion is disclosed. Repetition of the sequence with inverted pulses to 
drive the spins back to equilibrium and reduce recovery time is also disclosed. 
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ABSTRACT : 

A new three-dimensional (3D) MR imaging pulse sequence can produce over 100 
high-resolution, high-contrast images in as little as 6 minutes of imaging time. 
Without additional imaging time, this same image data can be post-processed to yield 
high-resolution, high-contrast images in any arbitrary orientation. Thus, this new 
pulse sequence technique provides detailed yet comprehensive coverage. The method of 
this invention relates to a preparation-acquisition-recovery sequence cycle. The first 
step is magnetization preparation (MP) period. The MP period can emply a series of RF 
pulses, gradient field pulses, and/or time delays to encode the desired contrast 
properties in the form of longitudinal magnetization. A data acquisition period 
■includes at least two repetitions of a gradient echo sequence to acquire data for a 
fraction of k-space. A magnetization recovery period is provided which allows Tl and T2 
relaxation before the start of the next sequence cycle. The MP, data acquisition and 
magnetization recovery steps are repeated until a predetermined k-space volume is 
sampled . 
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ABSTRACT : 

A method for reversing residual transverse magnetization due to spatial encoding 
magnetic field gradient pulses, used in magnetic resonance imaging to encode spatial 
information, employs a reversing gradient pulse applied in the same direction as the 
encoding gradient pulse following the observation of the spin-echo signal. The encoding 
.gradient pulse is applied following the 180. degree. RF pulse to avoid the effects of 
imperfections associated therewith. In one embodiment, the amplitudes of the encoding 
and reversing gradient pulses are selected to be approximately the negatives of each 
other so as to substantially cancel the residual magnetization. In another embodiment, 
the amplitude of the reversing gradient pulse is selected such that the algebraic sum 
thereof with the corresponding amplitude of the encoding gradient pulse is a constant. 
In this case, the residual magnetization is not necessarily cancelled, but rather, is 
left in the same state after each view of the pulse sequence. The method is applicable 
to multiple-echo and driven equilibrium pulse sequences. 
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ABSTRACT : 

In an examination method and apparatus utilizing nuclear magnetic resonance, high 
frequency pulses for producing nuclear magnetic resonance are applied by successively 
imposing a first 90. degree, pulse, a first 180. degree, pulse, a second 90. degree, 
pulse, and a second 180. degree, pulse substantially immediately after the second 
90. degree, pulse, and a next pulse sequence is initiated upon elapse of a wait time 
after the second 180. degree, pulse has been applied. The wait time is rendered much 
shorter than the conventional prior art wait times for high speed scanning operation, 
by forcibly aligning magnetization M first with the direction of a -Z direction axis 
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and then with the direction of a +Z direction axis, using the second 90. degree, pulse 

•and the second 180. degree, pulse. By applying a number of first 180. degree, pulses, a 

number of nuclear magentic resonance signals are produced for additionally shorteninq 

the overall measurement time. 3 
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ABSTRACT: 

A transmitter (24) and gradient amplifiers (20) transmit radio frequency excitation and 
other pulses to induce magnetic resonance in selected magnetic dipoles and cause the 
magnetic resonance to be focused into a series of echoes (66) at each of a plurality of 
preselected echo positions following each excitation. A receiver (38) converts each 
echo into a data line. Calibration data lines having a close to zero phase-encoding are 
collected and used to generate correction parameters (102) for each of the echo 
positions. These parameters include relative echo center positions (96) and unitary 
complex correction vectors (106) . The calibration data lines for each of the 
preselected positions are one-dimensionally Fourier transformed (82) and multiplied 
(90) by the same complex conjugate reference echo (80) . These data lines are then 
inverse Fourier transformed (92) to generate an auxiliary data array (94) . A relative 
echo center position is computed (96) which represents a fractional shift of the true 
center relative to the reference echo. A complex sum is computed (104) from the 
relative echo center position and normalized (106) to generate a unitary correction 
vector. The phase-correction parameters are used to phase-correct (116) imaging data 
lines. The phase-corrected imaging data lines are sorted (122) to build an image plane 
which is one-dimensionally Fourier transformed (128) in the phase-encoding direction to 
produce a final corrected image (130) for display on a monitor (134) . 
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ABSTRACT : 

A method of inversion spin echo magnetic resonance imaging includes providing a 
specimen positioned within a main magnetic field, a source of RF signals, a receiver 
for receiving signals emitted from the specimen responsive to the RF pulses and 
emitting responsive output signals, a computer for receiving the output signals from 
the receiver and establishing image information related thereto and a visual display 
for displaying images obtained from the image information. During an initial echo 
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penod, imposing three pulses on the main magnetic field with the first and third 
pulses having a first value and the second pulse having a second value which may be 
approximately double the first value, creating an echo with the second pulse and the 
third pulse converting this echo into negative longitudinal magnetization. After an 
inversion period during a second echo period imposing fourth and fifth RF pulses in the 
same sequence and generally of magnitude as the first and second pulses, respectively 
creating a spin echo with the fifth pulse and response to said spin echo emitting 
output information from the receiver means to the computer with the computer 
establishing image information which is delivered to the visual display. The apparatus 
provides magnetic field generation apparatus to provide a main magnetic field on a 
specimen and RF signal generating apparatus for emitting pulsed RF signals in order to 
establish predetermined pulse sequences and magnitudes with the resultant receiver and 
computer serving to* convert the same into image information for visual display. 
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ABSTRACT : 

A sequence control (40) causes a transmitter (24) and gradient amplifiers (20) to 
transmit radio frequency excitation and other pulses to induce magnetic resonance in 
selected dipoles and cause the magnetic resonance to be focused into a series of echoes 
in each of a plurality of data collection intervals following each excitation A 
receiver (38) converts each echo into a data line. Calibration data lines having a 
close to zero phase-encoding are collected during each of the data collection 
intervals. The calibration data lines in each data collection interval are zero-filled 
(86) to generate a complete data set and Fourier transformed (88) into a series of low 
-resolution complex images (90. sub. 1, 90. sub. 2, . . . 90. sub. n), each corresponding to 
one of the data collection intervals. The low resolution images are normalized (92) and 
their complex conjugates taken (94) . Imaging data lines are sorted by a data collection 
interval and zero-filled (104) to create full data sets. The full data set 
corresponding to each data sampling interval is Fourier transformed into partial image 
representations (106. sub. 1, 106. sub. 2, 106. sub. n). Each partial image is multiplied 
(108) by a complex conjugate of the normalized phase correction map (96) to create 
corrected partial images which are summed (112) to generate a composite image (114) 
The composite images are density corrected (120) . 
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ABSTRACT : 



Oxygen tension of tissue in a living subject may be determined non- invasively by a 
method which involves: administering to a living mammalian subject a biologically 
compatible perf luorocarbon emulsion in an amount effective to generate a measurable 

sup. 19 F spectrum under .sup. 19 F NMR spectroscopy; allowing sufficient time to elapse 
for substantially all of the perf luorocarbon emulsion to be cleared from the vascular 
system of the subject, with a portion of the perf luorocarbon emulsion becoming 
sequestered in tissue of the subject; subjecting the tissue in which the 
perf luorocarbon emulsion has become sequestered to a .sup. 19 F magnetic resonance 
spectroscopy procedure in which simultaneous measurements are made of spin-lattice 
relaxation rates for at least two separate resonances of the perf luorocarbon emulsion- 
and comparing the at least two spin-lattice relaxation rates measured in the .sup 19 F 
magnetic resonance spectroscopy procedure to a predetermined relation of spin- lattice 
relaxation rate to oxygen tension and temperature for the perf luorocarbon emulsion 
used, and thereby determining the oxygen tension and temperature of the tissue. 
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ABSTRACT : 

This invention provides methods of investigating a body by nuclear magnetic resonance . 
Nuclear magnetic resonance is preferentially excited in a slice of the body and the 
resulting free induction decay signals are detected in the presence of a magnetic field 
having first and second gradients (G.sub.y, G.sub.x). 

In one proposed method two experiments are performed in which the phase of the first 
gradient (G.sub.y) reversal is opposite, and the detected signals from the two 
experiments are edited to obtain a set of signals, for Fourier transformation, 
occurring when the first gradient has one sense. Two such sets may be obtained, one for 
each sense of the first gradient, and the data obtained after Fourier transformation 
re-ordered and added. 

In a second proposed method the second gradient (G.sub.x) is applied only when the 
first gradient (G.sub.y) has a given sense, and the free induction decay signals 
obtained when both gradients are present, and when only the first gradient is present, 
are separately processed. 

In a third proposed method, the first gradient (G.sub.y) is temporarily removed before 
each reversal of its sense, and the second gradient (G.sub.x) is reversed while the 
first gradient is removed, the magnitude of the second gradient being controlled so 
that the time integral of the second gradient at the beginning of each period when the 
first gradient has a given sense is the same as at the end of the preceding such 
period, the free induction decay signals occurring when the first gradient has said 
given sense only being used for data retrieval . 
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ABSTRACT : 

The invention relates to an apparatus for the examination of an object by the 
application of methods, such as magnetic imaging, based on nuclear magnetic resonance . 
The apparatus includes means for creating a first magnetic field over an object to be 
examined as well as means for creating and registering a nuclear magnetic resonance 
signal . The apparatus further includes means for creating a second magnetic field in a 
manner that the formation of nuclear magnetization occurring between successive 
excitation and signal pick-up events is at least partially effected while the second 
magnetic field is switched on. 
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ABSTRACT : 

Contrast preparation based on Modified Driven Equilibrium Fourier Transfer generates Tl 
weighted images for assessment of the myocardial perfusion with contrast agent 
first-pass kinetics. The preparation scheme produces Tl contrast with insensitivity to 
arrhythmias in prospectively triggered sequential imaging thereby eliminating one of 
the major sources of problems in potential patient studies with previously employed 
contrast preparations schemes. 
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In a magnetic resonance imaging method and apparatus, a measuring cycle of successive 
pulse sequences with an RF excitation pulse and magnetic field gradient pulses for 
rephasing the nuclear magnetization of an examination subject is generated, and the 
measuring cycle is interrupted after a defined number of repetitions of the successive 
pulse sequences before reaching a dynamic steady state, and is restarted later. 
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Mansfield and Morris "3.4 Steady State Free Precession", NMR Imaging in Biomedicine, 
Academic Press, 1982, pp. 65-77. 

-ART-UNIT: 265 

PRIMARY- EXAMINER: Tokar; Michael J. 



ABSTRACT : 

The present invention provides an NMR image in which the individual image element 
intensities are proportional to the amount of nuclei flowing within a window of 
velocities. The invention is predicated on the fact that static nuclei in a static 
reference frame provide the most intense portions of the NMR signal . A moving reference 
frame for image creation is created moving at the velocity of the nuclei to be imaged. 
Nuclei moving at the same velocity as the reference frame thus have zero velocity with 
respect to the reference frame, and hence provide maximum signal intensity. In the 
described embodiment, the moving reference frame is created by satisfaction of two 
conditions, which relate to tracking the Larmor frequency and phase of the nuclei of 
interest moving in a gradient. These conditions may be satisfied by variation of the 
main NMR magnetic field H.sub.o as a function of time. The field may be varied simply 
by addition of an additional coil to conventional NMR equipment. The invention is 
applicable to image formation using either steady state free precession techniques or 
conventional spin echo techniques. 

-33 Claims, 12 Drawing figures 
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The selective imaging of an object having two materials with different relaxation times 
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(Tl or T2) is provided by using a driven equilibrium sequence (T2 weighted preparation 
sequence) followed by an inversion recovery sequence. In the driven equilibrium 
sequence the object is placed in a static magnetic field along a longitudinal axis, an 
"excitation pulse is applied to tip nuclei spins into a transverse plane, and at least 
one refocusing pulse is applied to produce a spin echo having a magnetization component 
as a function of relaxation time. At least one pulse is then applied to the object to 
drive the spin echo to an inverted position along the longitudinal axis. A readout 
excitation is then applied at a later time when the longitudinal magnetization of one 
material is substantially reduced. In one embodiment, an inversion pulse is applied 
prior to the T2 weighted preparation sequence. 

12 Claims, 6 Drawing figures 
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The nuclei in a volume are imaged using a sequence of excitations in the presence of 
one or more time-varying gradient fields. The resultant phase variations are cancelled 
to isolate a region of the volume. Various phase-modulation functions are used to 
provide a desired localization function. The excitation variations can be combined with 
time-varying gradiehts during the reception interval. 

23 Claims, 8 Drawing figures 
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PRIMARY- EXAMINER: Arana; Louis 
ABSTRACT : 

A method of nuclear quadrupole resonance testing a sample comprising a first type 
substance containing quadrupolar nuclei and a second type substance which may give rise 
to spurious signals which interfere with response signals from the quadrupolar nuclei, 
comprises applying a pulse sequence to the sample to excite nuclear quadrupole 
resonance, the pulse sequence comprising at least one pair of pulses; detecting 
response signals; and comparing, for the or each such pair, the respective response 
signals following the two member pulses of the pair, the pulse sequence being such that 
the respective spurious signals following the two member pulses can be at least 
partially cancelled by the comparison without the corresponding true quadrupole 
resonance signals being completely cancelled; and for the or each such pair, the two 
member pulses being of like phase. 
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ABSTRACT : 

*A method of NMR spectroscopy or tomography, wherein a sequence of temporarily offset 
radio frequency pulses is applied onto a spin ensemble, is characterized in that after 
a sequence of pulses with flip angles . alpha .. sub . 1 . . . . alpha .. sub .n (with 
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.phi.. sub. n between which spins are dephased by .phi.. sub. 1 . . . . phi.. sub. n, a 
central refocusing pulse is applied as (n+l)th pulse, followed by a pulse sequence 
which is mirror- symmetrical to the central refocusing pulse, wherein the flip angles 
. alpha .. sub . n+2 . . . . alpha .. sub . 2n+l and phases .phi . . sub.n+2 . . . .phi . . sub . 2n+l of 
the pulses have, in comparison with the mirror- symmetrical pulses with . alpha .. sub . n . 
. . .alpha. .sub. 1 and .phi.. sub. n . . . . phi.. sub. 1, negative sign with respect to 
amplitude and phase** and the dephasings .phi .. sub . n+2 . . . .phi . . sub . 2n+l which are 
also mirror- symmetrical to the central refocusing pulse in the sequence are equal to 
the respective mirror- symmetrical dephasings .phi.. sub. n . . . .phi.. sub. 1 such that at 
.the end of the pulse sequence, an output magnetization M.sub.A (Mx,My,Mz) of the spin 
ensemble is refocused with respect to the central refocusing pulse through application 
of rotation corresponding to the symmetrical relation 

M. sub .R (-Mx, My, -Mz) =Rot . sub .y (180 . degree . ) *M. sub. A (Mx,My,Mz) 

into a final magnetization M.sub.R = ( -Mx, My, -Mz) (=hyperecho formation). In this 
fashion, even after application of refocusing pulses of any flip angles, the occurring 
signal losses can be cancelled and the complete signal amplitude can be regained with 
respect to dephasing through chemical shift, susceptibility and field inhomogeneity . 
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ABSTRACT : 

A nuclear magnetic resonance spin density distribution in a sample is obtained for a 
selected plane or planes by placing the sample in a static magnetic field, applying a 
gradient to the field and simultaneously applying selective rf pulses to select a plane 
or planes in the sample, switching to an orthogonal gradient and simultaneously 
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unique to that point. The free induction decay signal is then read out from the strips. 
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